I. Introduction
As part of the research program in the direct reduction of aluminium, the thermal properties of colloidal earth and bauxites available as source materials in this processing were reported previously(1)(2). In this case, the colloidal earth containing a considerable amount of silica may be reduced per se, but in the case of bauxites, silica and/or clays are usually added in order to make Al-Si and Al-Fe-Si alloys. Therefore, the reaction between silica and carbon is important to study the reduction of aluminous ores.
In addition, the carbothermic reduction of silica is very important for the production of metallic silicon and silicon carbide.
Although many reports have been published on this problem, there is no established theory because the reaction takes place at high temperature and involves several components such as silica, silicon, silicon carbide, silicon monoxide, carbon, carbon monoxide and carbon dioxide.
For this reason, this report deals with the carbothermic reduction of silica. The experiment was made using a carbon resistance furnace in carbon monoxide and argon atmospheres. The reacted materials were examined by X-ray and chemical analysis, and the relationships between these results and thermodynamic calculations were reviewed. The experiment was made in the four different procedures; (1) the reaction of a pellet consisting of SiO2 and graphite, (2) the effect of SiO gas evolved from the SiO2-C mixture, (3) the reaction of a pellet consisting of SiO2 and SiC and (4) the reaction of SiO2 C mixture in a long crucible with temperature gradients.
The sample prepared for each experimental procedure was set in a graphite crucible (in the case of diameter, 40mm high). After the furnace was filled with argon or CO and a predetermined temperature was maintained, the crucible was introduced to the reaction zone by means of a ground glass winch.
After holding for a predetermined time, the sample was pulled up and cooled rapidly. The sample was then weighed and analyzed by X-ray and chemical analysis.
The crucible used in the procedure (4) was 160mm in length, 23mm in inner diameter and 28mm in outer diameter. The mixture of silica and graphite particles was filled in the crucible. The bottom of the crucible was positioned 5 cm above the center of the furnace the crucible was lowered at a rate of 1cm/5 min and positioned its bottom to be 5cm below the center.
The temperature was measured by the calibrated WWRe thermocouple and the optical pyrometer. Furthermore, argon or CO was supplied into the apparatus at a rate of 50cc/min. The figures of the samples and crucibles are shown in pure silica and graphite were used in procedure (4).
X-ray and chemical analyses of reacted materials
The reacted sample was ground and analyzed. SiO2 was decomposed with a mixture of KCl, HCl and HF and then converted to K2SiF6. It was resolved in. hot water and the amount of Si in the solution was titrated with N/2 NaOH standard solution.
The total Si except silicon carbide was decomposed with KNO3, HNO3 and HF and then estimated by the same method. Thus, the amount of metallic silicon could be determined by the difference between total Si and SiO2.
In the analysis of SiC, the sample was treated in a mixture of H2SO4, HF and HNO3 in a platinum crucible, and its residue was redheated to remove carbon, and the final residue was evaluated as SiC.
X-ray analysis was made under the conditions
The patterns were compared with the ASTM cards and a table of Kubo(3).
III. Experimental Results

Experiment in argon atmosphere
(1) The pellet consisting of silica and graphite powder
The composition of the pellet in weight ratio was SiO2/C=1/2, following the equation, SiO2+2C=Si+ 2CO. Fig. 3 shows the X-ray patterns of the reacted materials. became more remarkable, and another line which was (3) T. Kubo and S. Kato: Chemical analysis using X-ray diffraction (in Japanese, 1955), Nikkan Kogyo Shinbunsha. Table 1 Reaction of graphite and SiO evolved from SiO2-C mixture and SiO particles powders, and no inclusions solidified from the molten state were not found. Fig. 4 shows the results of analysis of the reacted samples treated at different temperatures for 1hr. Assuming the silicon content to be 100 in the charged SiO2, the silicon combing with SiC and SiO2 in the product was evaluated.
Since metallic silicon was not found in this case, the deficiency of silicon in the product was assumed to be SiO. As shown in this figure, the formation of silicon carbide was not so distinguished up to about then its increment became slow. SiO2 decreased with rising temperature, and its tion, the reaction products with SiO2/C of 1/1.65, 1/3 and 1/5 showed similar results in X-ray analysis and in external appearance to those with SiO2/C=1/2. In order to examine -the effect of SiO assumed to be evolved from the SiO2-C mixture, the above-mentioned crucible consisting of two steps was used.
A mixture of SiO2 and graphite in the same mole ratio was set at the bottom of the crucible, and a graphite plate or SiC pellet was. located separately 5mm above it.
The following reactions were presumed between SiO evolved from the SiO2-C mixture and the graphite of the silicon carbide pellet; SiO(g)+2C(s)=SiC(s) +CO(g) and SiO(g)+SiC(s)= 2Si(l)+CO(g).
In the case of the graphite plate, only SiC was found by X-ray analysis. So, the product was analyzed chemically, and the result is shown in Table 1 . In this experiment, commercial silicon monoxide particles were also used to confirm the reaction. The ratio of the reacted graphite and the formed SiC was approximately 2:1 in all cases. Therefore, it was proved that SiO reacted according to the above Takeaki   Kikuchi,  Toshio Kurosawa  and Testuo Yagihashi  143 formulae.
In the case of the silicon carbide pellet, the forma-(3) Reaction of SiO2-SiC pellet
In the above experiment with a SiO2-C mixture, SiC was easily formed, but silicon was not present in the product. Consequently, in anticipation of the reaction in the formation of silicon, an experiment was carried out on the SiO2-SiC mixture at a mole ratio of 1:2.
pattern, and its peak became more remarkable with rising temperature.
The analytical results of the heated product is shown in Fig. 5 . similar loss of Si was also noticed as in the case of the SiO2 and graphite mixture. Therefore, it was found that the mutual reaction between SiC and SiO2 was very important in the formation of silicon.
(4) Experiment using a long crucible with temperature gradients
From the above -experiments; the following results were obtained; (i) When the mixture of SiO2/C=1/2 was introduced directly into the high temperature zone, metallic silicon was not found. The evolution of SiO and the resulting SiC formation were remarkable. And (ii) metallic silicon was assumed to be formed from the reactions. relating to SiO2 SiC and SiC-SiO.
Therefore, the experiment using a long crucible was carried out to cause the above-mentioned reactions successively.
The vertical section of the crucible is shown in Fig. 6 . The results of chemical analysis of the different parts are listed in Table 2 . From these data, the yellowish green material in the lower portion was almost SiC, and Si was found in the center of the crucible. At the top of the crucible, Si was not found, while fused and unreacted SiO2 was retained.
As the result of this experiment, it was considered that the formation of SiO and SiC took place at the lower portion through the reactions, SiO2+C=SiO+ CO and SiO+2C=SiC+CO, while Si was prepared when the central portion reached the high temperature zone by the reaction between original SiO2 and SiC which was already formed from the evolved SiO and thee original carbon. In the industrial furnace, the atmosphere is considered to be rich in CO. So, the experiment using CO gas was made. Furthermore, the experiment using a open-type graphite resistance furnace was also made, and a similar tendency was obtained.
The analytical results of the reacted materials in the case of the SiO2-C mixture is shown in Fig. 7 . 
IV. Discussion
From the above experiments, the mechanism of the reaction in the SiO2-C system was considered.
In the first place, the evolution of SiO gas was recognized at relatively low temperatures. This was evidenced by the result in Table 1 on the reaction between evolved SiO from the SiO2/C=1/2 pellet and graphite or SiC located on the upper portion of the crucible. Furthermore, Baird and Taylor (4) reported that SiO evolved derived by the reaction, SiO2(s)+C(s)=SiO(g)+CO(g). The second significant result is the formation of SiC one hour heating. Probably, this is not due to the solid-solid reaction, SiO2(s)+3C(s)=SiC(s)+2CO(g), but the two successive reactions containing the SiO carrier, SiO2(s)+C(s)=SiO(g)+CO(g) and SiO(g)+2C(s) =SiC(s)+CO(g). If the solid-solid reaction occurs, SiC is formed on the contact surface and thus the reaction between silica and carbon may be disturbed markedly.
This behavior is recognized through the results that Sic was formed in the graphite plate located separately, and its change of weight was fitted to the reaction, SiO (g)+2C(s)=SiC(s)+CO(g).
Furthermore, the loss of SiC through the reaction SiO and C becomes stronger at higher temperatures. treatment under argon and CO atmospheres, respectively. As SiO gas is closely related to the formation of SiC, the relationship between SiO vapor pressure and temperature for the related reactions is shown in Fig. 8 . As the partial pressure of CO2 is estimated(4) to be very small, the reaction including CO2 is not taken into account. In calculations, the thermodynamical values were quoted from those of Kubaschewski and Evans(7).
As shown in this figure, when the silica and carbon mixture is heated under 1 atmospheric pressure by adjusting the amount of CO, the partial pressure of SiO increases gradually with rising temperature according to the reaction, SiO2(s)+C(s)=SiO(g)+CO(g). The curve of partial pressure of 810 in the abovementioned reaction and that in the reaction, SiO(g)+ C(s)=SiC(s)+CO(g), intersect with each other at larger than the equilibrium SiO pressure for the SiC formation from this temperature, SiC may be formed +SiC(s)=3SiO(g)+CO(g), and the partial pressure of through the reaction with carbon. At a total pressure of 0.1atm, the reaction can take place even at a lower temperature, and SiC may and 4hr experiment, probably due to the fast that SiC was formed more easily in argon owing to dilution of evolved CO. As already described, it was found that the reactions between SiO2 SiC and SiO-SiC took part in the formation of silicon.
In order to consider the mechanism, the equilibrium SiO and CO partial pressures are indicated in Fig. 9 . As shown in this figure, when the SiO, and SiC mixture is heated in 1atm of CO, the =3SiO(g)+CO(g) increases with rising temperature , and the sum of SiO and CO pressures due to the reacright-sided area of the lower part of the (B) line representing the above reaction indicates the area in which the formation of SiO is possible. Furthermore, SiO and SiC react to form Si through the reaction, SiO(g)+SiC(s)=2Si(1)+CO(g), and it tends to proceed to the right-hand side with rising temperature. Thus the upper part of the (A) line representing the above reaction indicates the part in which Si is formed. Fig. 9 Partial pressure of SiO(a) and CO(b) for some reactions concerning the Si formation
As the curves of the above two reactions intersect ing SiC react to form Si through the (A) reaction above this temperature. Fig. 9(b) shows the partial pressure of CO in the reactions for the formation of Si. The lower part of the (A) line indicates the area of Si formation through the reaction, SiO(g)+SiC(s)=2Si(l)+CO(g). The right -sided area of the lower part of the (C) line indicates also the area of Si formation through the reaction, coincides with that in Fig. 9 (a) . The (A) reaction is considered to be more suitable to take pl-ice at lower temperatures and the (C) reaction is more reasonable ever, the (A) and (C) reactions are solid-gas and liquidsolid types, respectively. In addition, as the reaction between SiO2 and SiC is accompanied by the formation of SiO, the (A) and (C) reactions are different depending on the reaction velocity, properties of samples, and composition of atmosphere, and the priority of the reactions remains uncertain.
Since at a total pressure of 0.1atm the intersection 
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A"{"p"t"u"}"y"y "N"p"‰"{ CCCP, 6 (1964) 58. only SiC and Si was not found. ( 2) In the case of SiO2/C=1/2, SiO gas was evolved estimated to be SiO2(s)+C(s)=SiO(g)+CO(g). (3) SiO was generated from a mixture of SiO2 and carbon, and it was introduced to the graphite plate and SiC located at a different site. In this case, SiC formation resulting from SiO(g)+2C(s) formation of Si resulting from SiO(g)+SiC(s)= 2Si(l)+CO(g) was also recognized. (4) The pellet consisting of SiO2 and SiC was heated, and the evolution of SiO gas and metallic Si were found.
(5) The process of the Si formation took place successively; SiO2+C=SiO+CO, SiO+2C=SiC+ CO, 2SiC+SiO2=3Si+CO and SiC+SiO=2Si+ CO. This was confirmed by use of a long type crucible. (6) In the thermodynamic calculation, the partial pressures of SiO and CO for the formation of Si and SiC were obtained, and the reaction process in argon and CO atmospheres were considered.
